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ABSTRACT
Structures and Characteristics of Macromolecular Interactions in Gas Phase Using Fourier
Transform Ion Cyclotron Resonance Mass Spectrometry
Jiewen Shen
Department of Chemistry and Biochemistry, BYU
Doctor of Philosophy
This dissertation investigates non-covalent macromolecular chemistry using Fourier transform ion
cyclotron resonance mass spectrometry (FTICR-MS) based techniques. The included studies
reveal the impact of molecular structure on conformation and binding energetics. Supramolecules
that might be too heavy to be dissociated in single collision-induced dissociation (CID) were
dissociated using sustained off-resonance collision induced dissociation (SORI-CID) techniques.
Relative binding energies and thresholds were evaluated for various macromolecular host-guest
systems. Besides the non-covalent binding energies, conformation characterization was
undertaken by a novel method to determine collision cross sectional areas using FTICR (CRAFTI,
and multi-CRAFTI), initially developed by the Dearden lab. The systems chosen for further
understanding of macromolecular interactions include calixarene-alkali metal complexes, cucurbit
[5] uril-alkali halide complexes and cryptand-alkali metal complexes. The results were found to
be consistent with expected behavior, and strongly correlated with predictions from computations.
Size- and shape selectivity, as well as host-guest polarizability, are the main factors that govern
the non-covalent macromolecular interactions that control complexes conformation and
dissociation. The results demonstrate the ability of FTICR to simultaneously determine binding
energy, structure, and conformation, which are the most important aspects for determination of
comprehensive molecular characterization.
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Chapter 1

Introduction

1.1 Objectives and Significance
Molecular recognition, referring to specific interactions between molecules through
noncovalent bonding, plays important roles in biological systems, supramolecular systems,
pharmaceuticals, and catalysis. Even though the recognition of chemistry taking place in living
systems might be the most important and has the most valuable applications, reactions involving
large biomolecules are difficult to control or study in detail. Molecular conformation governs most
of the molecular interactions. Investigation of smaller model host-guest systems provides much
knowledge and insight into the principles that govern recognition. These principles reveal the
importance of complementarity in size, shape, and functional groups in recognition chemistry.
These basic principles provide foundation for more applied work, such as the development of
tunable host-guest systems for targeting drugs to specific receptors, the rational design of ligands
to bind metals selectively, or optimizing specific receptors for chiral complexes.
Supramolecular chemistry focuses on intermolecular non-covalent interactions that are much
weaker than covalent interactions. An example is cyclic molecules trapping small metal ions inside.
To obtain strong binding, successful hosts often utilize more than one type of noncovalent
interaction. In addition, the host and guest should ideally have complementary geometries; that is,
binding sites that are positioned in locations that maximize their interactions. Comprehensive noncovalent intermolecular interactions between variable supramolecular host-guest systems are the
central focus of this dissertation. It discusses not only the binding thresholds, but also the
supramolecular conformational structures. Both play important roles in supramolecular host-guest
studies.
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1.2 Historical overview and background information
Techniques typically used to characterize such intermolecular interactions include
nuclear magnetic resonance (NMR)1, IR and UV-vis spectroscopy1, thermogravimetry, X-ray
diffraction (XRD)2, and crystallography. However, the methods listed above have limitations in
many of the systems of interest in supramolecular chemistry. For instance, both cation and anion
interactions are affected by solvent and matrix effects when studied in solution. Other effects like
solution ionization based on pH sensitivity, solvation power, and the impact of the chemical
nature of the local solvent, must be accounted for as well. Since solvent properties govern the
results, data obtained from different solution systems are hard to compare. For solid-phase
crystallography, many interesting complexes do not form crystals. When the analytes are
difficult to dissolve or available in very small quantities, NMR techniques are eliminated.
Furthermore, all the methods listed above are strongly influenced by solvent and matrix effects.3
Gas phase studies can overcome the above shortcomings when studying binding
strengths, dissociation kinetics and molecular conformations of supramolecular systems. The
most excellent contribution of gas phase studies is simplification of the system environment.
Recognition processes become easier to understand and reconcile with chemical intuition based
on first principles. Another advantage mentioned above is that the results gained from gas phase
studies can be compared with each other for different supramolecular systems. As noted above,
binding constants are strongly dependent on solvent, and counterion, method of measurement
etc., so it is extremely difficult to compare the results of one solution study with those from
another due to their complexity. Gas-phase studies explore the intrinsic recognition inherent in
different host-guest systems and provide effective comparisons. The effects of structural
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modification on binding strength and specificity can be clearly observed through gas phase
studies.4
Mass spectrometric methods are the most commonly used methods for gas phase studies.
The practical strengths of mass spectrometric methods are the miniscule samples (typically at
micromolar concentrations) and minimal purification (due to the excellent separation capabilities
of the mass spectrometer) required.
Mass spectrometry remains one of the key tools for performing studies on gas phase species
and is increasingly being applied to supramolecular systems. Compared to other types of mass
spectrometers, Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR/MS) has the
unique ability of passively trapping ions for extended periods. The extended trapping process can
provide well-characterized thermal energies for ions, making equilibrium constant and meaningful
rate constant measurements possible. Other features of FT-ICR/MS make it an attractive technique
for the study of molecular recognition. It provides the highest resolving power, mass resolution,
and mass measurement accuracy, allowing for confident analysis of many large biomolecules and
supramolecules. FT-ICR/MS becomes increasingly important as experimental work progresses
toward larger host-guest systems. In this dissertation, FT-ICR/MS instrumentation is used to
explore both supramolecular non-covalent binding strengths, and their molecular conformations.
1.3 Current practice, its challenges and overcoming methods
Commercial FT-ICR instruments are equipped with tandem MS capabilities, including
electron-capture dissociation (ECD), sustained off-resonance irradiation-collision activated
dissociation (SORI-CAD) and infrared multiple photon dissociation (IRMPD), which make them
useful in the study of noncovalent interactions and biological systems.
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Collision-induced dissociation (CID) is a powerful tool to provide information on the
energetics and mechanisms of fragmentation processes, as well as for determination of ion
structures in the gas phase. However, with increasing mass and complexity of the target ion it
becomes challenging for traditional CID methods to induce dissociation under single collision
conditions. This difficulty arises from the intrinsic properties of large molecules, especially for
the supramolecular systems explored in this dissertation. The rates of decomposition rapidly
decrease with an increasing number of internal degrees of freedom. Consequently, greater
internal energy must be deposited into the ion to induce fragmentation. As the ion mass
increases, the center-of-mass collision energy and the maximum energy available for collision
activation decrease. To overcome these difficulties, “slow heating” methods have been reported
and developed to make large molecule fragmentation studies easier. Sustained off-resonance
irradiation (SORI) is one of the commonly used “slow heating” methods in FT-ICR/MS.5 An offresonant radiofrequency excitation pulse is applied to the parent ion. The parent ions collide with
high pressure inert neutral gas. Their internal energy slowly increases during a series of multiple
low energy collisions, and the ion fragments when sufficient energy transfer from translation to
internal energy has occurred. Thus SORI-CID favors the lowest energy dissociation channel of
the ion of interest. More details are discussed in later chapters.
Collision cross section (CCS) is commonly used as the preferred molecular
conformation descriptor in modern analyses as it provides direct information of molecular shape
and size. It refers to the area of the conventional geometric cross section. CCS can be defined as
the area around a particle in which the center of another particle (like a collision gas molecule)
must be in order for a collision to occur. Thus, conformational information of ion shape and size
can be obtained from collisions between the target ions and neutral gas. CCS determinations
4

clearly characterize the non-covalent interactions in supramolecular host-guest systems and
reveal great information of the non-covalent binding system size and shape. CCS measurements
in the gas phase can easily get rid of interfering solvent and matrix effects, so that the intrinsic
binding chemistry becomes better understood. Also, CCS measurements in the gas phase can be
compared easily with each other for different host-guest systems, which is another advantage of
gas phase CCS measurements in comparison to solution- or solid- phase studies.6
The most commonly used technique for CCS determination is ion-mobility mass
spectrometry (IM-MS).7 This technique is carried out using an IM-MS instrument equipped with
a drift tube filled with buffer gas through which a low-level electric field is applied. Gaseous
ions are introduced into the drift tube while low energy collisions occur between the target ions
and the buffer gas (typically helium or nitrogen). IM-MS measures the time the ions take to cross
the drift tube. Larger ions with higher CCS require longer time in comparison with smaller ones,
due to more collisions in the drift tube. The capability of separating and characterizing ions
according to their size, shape, and mass-to-charge ratio simultaneously makes IM-MS an ideal
technique for analyzing large supramolecules, such as proteins, lipids, etc.8, 9 IM-MS
characterization in conformational measurements has risen to be the gold standard in recent
years. The CCS can be calculated using Equation 1-1 under IM-MS condisitons.10
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Here, mi is the mass of the ion, mb is the mass of the buffer gas, kb is the Boltzmann
constant, T is the temperature, z is the charge of the ion, td is the drift time, E is the electric field
strength, L is the drift tube length, P is the pressure of the collision gas, and N is the number
density of the collision gas.
5

In recent years, our lab introduced a new gas phase CCS measurement technique based on
our FTICR-MS instrument and has focused on developing and refining this method, which is called
cross sectional areas by Fourier transform ion cyclotron resonance mass spectrometry (CRAFTI).11
The CRAFTI technique measures cross sections of gaseous ions by either measuring their transient
decay in the time domain or the linewidth in the frequency domain (after Fourier transformation)
as they are scattered out of a coherent ion packet during collisions with neutral background gas.
This technique can be performed on any FTICR-MS with only installation of a pulsed leak valve.
This offers several advantages for FTICR-MS instruments in the field of molecular separation and
characterization. It overcomes one drawback of the IM-MS technique, which requires calibration
before every use since both temperature and pressure play important roles in determining CCS.
Furthermore, in IM-MS measurements, the conformations of the gaseous systems may be affected
during the multiple collisions with the buffer gas in the drift tube, whereas CRAFTI avoids such
problems because it is a single-collision technique. More details about CRAFTI technique are
discussed in later chapters.
1.4 Conclusions
FTICR-MS is an ultrahigh resolution mass spectrometry technique and has great
advantages for molecular characterization. This dissertation explores several novel
supramolecular host-guest systems using FTICR-MS, by measuring the binding thresholds of the
non-covalent interactions and characterizing their conformations. This helps us better understand
the effects of size, shape and charge density on host-guest system selectivity, giving us insights
that may allow the optimization of host-guest systems. The studies in this dissertation testify that
FTICR-MS, as a tool to investigate non-covalent interactions within supramolecular complexes,
has some unique advantages due to its capability of separating and characterizing molecules
6

according to their size, shape, as well as by their charge density. Also, the studies of various
macrocyclic systems reveal that molecular conformation is one of the more important aspects
that govern non-covalent binding strength.
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Chapter 2

Experimental techniques using FTICR-MS

2.1 Instrumentation
All experiments were performed using a Bruker model APEX 47e Fourier transform ion
cyclotron resonance mass spectrometer (FTICR-MS) equipped with an Infinity trapping cell 1 and
a 4.7 T superconducting magnet, and controlled by a MIDAS Predator2 data system (National High
Magnetic Field Ion Cyclotron Resonance Facility; Tallahassee, FL).3 Argon ( Ar) or Sulfur
hexafluoride (SF6) were introduced as collision gas. Pressures within the trapping cell were varied
using a Freiser-type4 pulsed leak valve consisting of a 0.004” orifice solenoid pressurization valve
backed by a 28 psig Ar supply line and a 0.039” orifice solenoid evacuation valve connected to a
mechanical vacuum pump (both valves from General Valve Corp.; Fairfield, NJ). Both solenoid
valves were connected to the high-pressure side of precision variable leak valve (Varian; Palo Alto,
CA). Pressure measurements were carried out using a cold cathode gauge (Balzers; Fürstentum,
Lichtenstein) mounted outside the high field about 1 m from the trapping cell. Various steady-state
pressures were obtained by varying the length of time the pressurization solenoid valve was left
open, while the evacuation solenoid is left closed. Ions were generated in a micro-electrospray
source modified from an Analytica (Branford, MA, USA) design, with a heated metal capillary
drying tube based on the design of Eyler5. Radio frequency (rf) excitation amplitudes were
measured directly using an oscilloscope at the output of the final excitation amplifier. The ions
being compared in multi-CRAFTI experiments were excited to the same kinetic energies in the
center-of-mass reference frame using waveforms synthesized via a LabVIEW program.
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2.2 Main Techniques of FTICR-MS
2.2.1 Sustained off-resonance irradiation collision induced dissociation (SORI-CID)
Mono-isotopic ions were isolated using stored waveform inverse Fourier transform
(SWIFT) techniques.6 Sustained off-resonance irradiation collision-induced dissociation (SORICID) experiments were performed by irradiating 0.5~1 kHz below the resonant frequency of the
ion of interest at constant amplitude (which were fourier transformed by their m/z). Ar was
introduced into the trapping cell as collision gas via the leak valve. SORI events involved pulsing
the background pressure in the trapping cell up to 10–5 mbar, waiting 3 s for conditions to fully
stabilize, applying a computer-controlled duration of the off-resonant RF irradiation, followed by
evacuation of the pulsed leak and a 3 s delay to allow the cell pressure to pump down to the baseline
pressure of around 10–9 mbar immediately prior to detection. A tool command language (TCL)
script was used to automatically modulate the SORI-CID energy deposited into the target ions by
varying the duration of the SORI-CID excitation.
2.2.2 Cross sectional Areas by FTICR-MS (CRAFTI) and multi-CRAFTI
In CRAFTI experiments, SF6 was introduced as collision gas for cucurbit [5] uril (CB[5])
complexes, while Ar was used for all cryptand complexes. The ions were generated via
electrospray and injected into the FTICR trapping cell. After monoisotopically isolating using
SWIFT techniques, collision gas was pulsed into the trapping cell, waiting for 3 sec to allow
collisional damping of any residual excitation from the isolation, then exciting the ions via a singlefrequency RF pulse at their resonant cyclotron frequency for a short excitation event of about 350
μsec. The cell pressure was controlled by varying the duration of the pulsed leak pressurization
event using a TCL script. The resulting time domain image current signal yields a frequency
domain power spectrum after Fourier transformation with one zero fill and no apodization;
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typically, about 5~20 scans were averaged for each spectrum depending on the intensity of the
signal. The ions being compared in multi-CRAFTI experiments were excited to the same kinetic
energies in the center-of-mass reference frame. CRAFTI cross sections of supramolecules increase
with increasing center-of-mass kinetic energy until they reach a limiting value that is generally
like cross sections computed from the expected molecular structure. Multi-CRAFTI experiments
were performed between the target ions with internal standards for each system simultaneously
over a range of kinetic energies by varying the RF irradiation amplitudes.
2.3 Computational modeling
Molecular structures were obtained using the Spartan package (Wavefunction, Inc.; Irvine,
CA, USA) for conformational searching using the MMFF force field provided in the package,
requesting 10,000 starting conformers (but systematic searches sometimes completed after
examining fewer than 10,000 structures). Geometry optimization calculations were performed at
both the semiempirical (PM6) and ab initio (M06-2X/6-31+G*) levels of theory, as well as HF/321G and B3LYP/6-31+G*.
2.4 Data Analysis
Transient signals were analyzed using the Igor Pro software package; Wavemetrics, Lake
Oswego, OR USA)7. For SORI experiments, the Igor program was used to extract peak
amplitudes for a set of spectra that differ in one or more experimental parameters, followed by
generation of tables of peak intensities as a function of SORI excitation duration. The resulting
parent and production ion peak intensities were normalized against total ion signal, and the
relative SORI collision energy was scaled to account for differences in mass, excitation
amplitude (although most experiments were conducted while maintaining a constant excitation
amplitude) and pressure. Energies obtained from these SORI-CID experiments may be compared
12

qualitatively but are not quantitative due to uncertainties about the absolute kinetic energies of
the colliding partners and conversion efficiency from kinetic to internal energy. For CRAFTI
experiments, a set of power spectral full width at half maximum linewidths measured at various
pressures of the collision gas is collected. Plots of linewidths vs. collision gas number density are
generally linear, and the slope is used to determine the CRAFTI cross section. Sometimes due to
the experimental mistakes or instrumental limitations, the plots coming out are not linear. The
linearity of the plots illustrates the accuracy of the experiments. Experimental results were
processed using the Igor Pro software package, Wavemetrics; Lake Oswego, OR).
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Chapter 3

Review: Recent Progress in Gas Phase Cucurbit[n]uril Chemistry

Disclaimer: This chapter is reproduced from a published review article: Jiewen Shen and David
V. Dearden, Recent Progress in Gas Phase Cucurbit[n]uril Chemistry. Israel Journal of
Chemistry, 2018, 58, 225-229.
3.1 Abstract
Cucurbit[n]urils (CB[n]s) are of great significance due to their unique molecular
recognition properties and their potential applications in areas such as drug delivery or analytical
assays. Gas phase studies, without interference from solvents or counterions, provide fundamental
insights into the mechanism of CB[n] complex formation and binding. In this paper, we review
the progress in gas phase CB[n] chemistry, mainly based on mass spectrometry, since 2011,
including important discoveries in structural studies, mechanistic studies, and gas phase studies
related to analytical or clinical applications of CB[n]s. We expect the use of gas phase methods to
continue to expand and diversify.
3.2 Introduction
Cucurbit[n]urils (CB[n]s) have attracted research interest from all over the world because
of their unique molecular recognition properties and their potential applications in areas such as
drug delivery and analytical assays. It is well accepted that the binding properties of CB[n]s are
significantly affected by solvent and counterions in solution. Therefore, gas phase studies, in the
absence of solvent or counterions, are useful for providing fundamental insights into the intrinsic
binding properties of CB[n] complexes. Guest ions are trapped inside the molecular cavities by
electrostatic interactions. We release guest ions by using SORI-CID which is a slow heating
process and selects the lowest energy channel. The relative dissociation energy is measured
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during the process. In addition, gas phase studies, which are almost always based on mass
spectrometric techniques, require only very small amounts of material.
We previously reviewed our group’s work on gas phase CB[n]s and related species in
20111 Using Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) and ion
mobility techniques, we investigated the gas phase chemistry of CB[n]s, such as the effect of
trapping molecules inside the CB[n] cavity on the binding of cations on the rims and the
exchange mechanisms of bound species. Since that previous review, several exciting studies on
gas phase CB[n] chemistry have been reported by a number of investigators, bringing new
insights into this special group of supramolecular hosts and promising potential applications. The
goal of this paper is to summarize these novel findings and provide a comprehensive review for
researchers in this field. In the following, we briefly review studies of host-guest complexation
that employ gas phase methods, structural studies, mechanistic studies, and gas phase studies
related to analytical or clinical applications of cucurbiturils.
3.3 Recent Progress in Host-guest Binding Studies
3.3.1 Cucurbit [6] uril with Proton-bound Water Dimer
Noh et al. studied the hydration of cucurbit [6] uril (CB[6]) in the gas phase using
electrospray ionization traveling wave ion mobility mass spectrometry (ESI-TWIM-MS).2 They
observed a proton-bound water dimer complex with a Zundel-like structure attached to CB[6].
Evidence supporting this structure came from observed hydration patterns, the ion mobility
spectrum, and DFT calculations. They also found that the hydration pattern depends on the CB[n]
portal size. When a large cation, such as alkyammonium or alkali metal cations with relatively
large radii (such as K+ or Cs+) is bound to the CB [6] portal, hydration of the portal is not observed,
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presumably because the large ammonium or metal cations occupy a large area in the carbonyl
portal and react with multiple carbonyl groups, hindering their hydrogen bonding with water
molecules. Only with small alkali metal cations, such as Li+ and Na+, can a single water molecule
interact with the CB [6] portal, forming hydrogen bonds with the carbonyl groups of CB [6].
3.3.2 Binding of α, ω-alkyldiammonium ions by cucurbit[n]urils
Yang et al. investigated gas-phase complexes of α,ω-n-alkyldiammonium ions with a series
of

CB[n]s,

including

cucurbit[5]uril

penta(cyclohexano)cucurbit[5]uril

(CB[5]),

(CB*[5]),

decamethylcucurbit[5]uril

hexa(cyclohexano)cucurbit[6]uril

(mc5),
(CB*[6]),

cucurbit[7]uril (CB[7]) and cucurbit[8]uril (CB[8]) using ESI-FTICR-MS and sustained offresonance irradiation collision-induced dissociation (SORI-CID) techniques.3 The results show
that CB[5], mc5, and CB*[5] form singly-charged 1:1 and doubly-charged 2:1 diamine:CB[n]
complexes. The dissociation of CB [5] complexes via simple diamine loss shows little dependence
on the chain length, consistent with external guest hydrogen bonding on the CB [5] portals. On the
other hand, larger CB[n]s predominantly forms 1:1 complexes with doubly protonated α, ω-nalkyldiamines. In contrast with the CB [5] complexes, the dissociations of complexes of larger
CB[n] are quite complicated (loss of singly protonated α, ω-n-alkyldiammonium; fragmentation
of the CB[n] cage; loss of neutral α, ω-n-alkyldiamine, and fragmentation of the α, ω-nalkyldiamine), and strongly depend on the length of the α, ω-n-alkyldiamine and the size of the
CB[n]. These results are consistent with threaded, rotaxane structures in the gas phase. The optimal
α, ω-n-alkyldiamine lengths for binding large CB[n]s (n>5) under gas phase conditions were
determined, and found to be 3-4 methylene units for CB [6], 4-5 methylene units for CB[7], and
5-6 methylene units for CB[8]. This suggests an increasing tendency for the diammonium guest to
span the CB[n] cavity diagonally as n increases.
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3.3.3 Supramolecular adducts of Cucurbit [7]uril and Amino Acids
Kovalenko et al. studied the association of CB[7] with a series of amino acids (AA)
possessing different side chains (Asp, Asn, Gln, Ser, Ala, Val, and Ile), and compared the aromatic
and basic amino acids using ESI-MS techniques.4 Both 1:1 [CB[7] + AA + 2H]2+ adducts and 1:2
[CB[7] + 2AA + 2H]2+ dications were observed, depending on the molar ratio of CB[7]:AA in the
electrospray solvent. Collision induced dissociation (CID) analysis showed that the preferred
dissociation pathways of the 1:1 [CB [7] + AA + 2H]2+ dications are significantly affected by side
chain of the amino acid. The authors determined that hydrogen bonding and ion-dipole attraction
between the N-terminal ammonium and the CB [7] portals are the two major factors in stabilizing
the complexes in the gas phase. Although CB [7] has a stronger binding affinity for the aromatic
amino acids than for basic amino acids in aqueous solution, the affinities are similar in the gas
phase.
3.3.4 Cucurbit [6]uril Trapping of Noble Gas Atoms
The possibility of CB [6] acting as a host for noble gas atoms was investigated by Pan et al.5
Using density functional and ab initio molecular dynamics, they calculated interaction energies,
dissociation energies, and dissociation enthalpies to study the utilization of CB [6] in
encapsulating noble gas (Ng) atoms. The results show that CB [6] could encapsulate up to three
Ne atoms, but only one Ar or Kr atom due to the larger sizes of these guests. The noble gas
dissociation processes are endothermic in nature; the endothermicity increases gradually from Ne
to Kr, suggesting stronger binding of the larger noble gas atoms. The Kr encapsulated analogue
was found to be viable at room temperature as its dissociation remains endothermic, whereas the
dissociations for Ne and Ar are exergonic at higher temperatures so low temperature is needed
for the Ne and Ar complexes. The calculations suggest that at ambient temperature and pressure,
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CB [6] may be used as an effective noble gas carrier. A comprehensive study of Wiberg bond
indices, noncovalent interaction indices, electron density, and energy decomposition analyses
showed that the dispersion interaction is the dominant factor in the attraction energy. Ab initio
molecular dynamics simulations demonstrated that single noble gas (Ne and Ar) atoms remain
inside the cavity of CB [6] at 298 K, whereas Ng2 units in Ng2@CB[6] flip toward the open faces
of CB[6] during the simulation (1 ps). At lower temperature (77 K), all the Ng atoms in
Ngn@CB[6] stayed inside the CB[6] cavity.
3.4 Complex Agglomeration
Agglomerates of CB[n]s has also been observed and studied in the gas phase.
Using ESI-MS, Da Silva et al. directly observed and identified aggregates of CB [7] and
CB[8] complexes.6 Dimers and trimers of CBs were detected using tandem mass spectrometry
(MSn). Trimers were observed for both charged and neutral nitroxides with diamagnetic doubly
and single charged guests, and a non-charged diamagnetic guest, suggesting the self-association
of CB complexes is a general phenomenon with some dependence on the absence, presence, and
type of included guest molecules. ESI-MS results also suggest that a free portal is needed for
aggregation.
In another study, the stability of multicomponent self-assembled architectures based on
CB [8] in the gas phase was investigated by Cziferszky et al.7 They analyzed a series of CB[8]
architectures of different sizes and chemistries excluding solvent effects. Two trimeric CB [8]
methyl viologen (MV) complexes were designed and synthesized, and a variety of second guests
were utilized to form a 7-component supramolecular architecture. In contrast with aqueous
solution, where hydrophobic effects and solvation energies are crucial to host–guest affinities,
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gas phase stabilities were found to be dependent on the guest’s hydrogen bonding ability and
electrostatic interactions. Increased gas phase stability was observed upon increasing the size of
the second guest. The authors attributed this to additional non-covalent interactions.
Cera et al. synthesized a six-station linear guest (BATCl8, as shown in Figure 3-1) for CB
[7] and CB [8] to perform a cascade of transformations driven by external stimuli.8 BATCl8 has
two terminal viologens (blue) connected to the adjacent naphthalenes (magenta) through flexible
propyleneoxy linkers and two inner viologens (blue) linked to the naphthalenes through more
rigid triazolylethylene spacers. Binding of the appropriate CB[n] hosts on this guest causes it to
fold in a cascade-like fashion. The steps of the cascade were analyzed by UV/ Vis, 1H NMR and
electrospray (tandem) mass spectrometry to investigate the different pseudorotaxane structures in
detail. By using three different CB[n]s and several different chemical and redox inputs, refolding
of the guest chain and the liberation of secondary messenger molecules were observed during the
transformation. The manipulation of host-guest complexes in this study is a pioneering example
that may lead to study of more complicated natural signaling cascades.
In some cases, 1:1 binding stoichiometry of a host−guest complex

may not consist of a

single host and guest. In a recent study, Wu et al. found that several CB [8] host−guest
complexes, which were previously reported as 1:1 binary complexes, are actually 2:2 quaternary
complexes.9 Using isothermal titration calorimetry, abnormally large binding enthalpies
compared to those typical for 1:1 binary complexes were observed for diarylviologens containing
electron-donating substituents complexed with CB[8]. The head-to-head stacking of two
diarylviologens with electron-donating groups (VEDGs) was confirmed using ion mobility mass
spectrometry (IM-MS) and ROESY NMR spectrum. NOESY and ROESY 2D NMR also
suggested two dynamic processes involved in 2:2 complexation: (1) slow inter-molecular
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association and dissociation, and (2) fast intra-conversion between different overlapping
conformations.
3.5 Mechanistic Studies
Due to the absence of solvent effects, gas phase studies on CB[n]s also provide new
insights into the mechanisms involved in various host-guest binding complexes.
Czar et al. studied the encapsulation of cationic acridine orange (AOH+) dyes by CB[7] in
the gas phase to probe the influence of the removal of interactions with solvent molecules and
the confined, low polarizability environment provided by CBs on the enhanced fluorescence
lifetime and brightness of the dye.10 Fluorescence properties of gaseous AOH+ were compared
with those of the gaseous AOH+-CB[7] complex and with the properties of the dye and complex
in aqueous solution. In these four different micro-environments, an increased Stokes shift was
observed with increasing polarizability. In addition, the excitation maxima for gaseous dye,
gaseous dye-CB [7] complex and the aqueous dye-CB [7] were observed to be the same,
suggesting the interior of CB [7] is gas-phase-like. The fluorescence lifetime results showed an
opposite effect in water and in CB [7]: the aqueous environment facilitates non-radiative decay
whereas trapping inside CB [7] reduces non-radiative decay.
Cernochova et al. determined intrinsic binding modes of CB[n] using mass
spectrometry.11 Gas-phase behavior of adamantylated bisimidazolium (BIM) guests complexed
to CB[n]s was monitored using ESI-MS. In their study, fragmentation of CB[n]-BIM complexes
involved the cleavage of covalent C-N and C-C bonds. The interactions between the charged
guest residue and the CB[n]s was retained in the fragment ions. Results in their study showed
that CB[n]s may dramatically change the fragmentation pathways of axle molecules in the gas
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phase. BIM dications alone decompose to two singly charged fragments due to electrostatic
repulsion. However, when the CB[n] unit has the ability to slip over the axle, some CB[n]complexed dications release neutral fragments and doubly charged complexes of CB[n] and axle
residue are formed.
Lee et al. investigated inner-phase chemical reactions of guest molecules encapsulated in
a macromolecular cavity.12 In their study, three CBs (CB [6], CB [7], and CB [8]) were used as
hosts to confine three bicyclic azoalkanes with different sizes to elucidate the effects of
confinement on cycloelimination reactions inside the cavity. Different reaction/dissociation
pathways were observed from different azoalkanes inside CB[n]s with different sizes. The results
showed that gas phase reactions of the guest molecules inside CB[n] molecular containers are
highly sensitive to the boundary conditions, such as constrictive binding provided by the host to
the guest, as well as favorable intermolecular forces between the guest and the cavity and the
volume required for the reaction. The results are important for the understanding of
supramolecular reactivity and provide important insight into catalysis and biocatalysis inside
confined reaction space.
In gas phase studies, the effect of solvent is often not considered because of the absence
of solvent. However, a study by Carroy et al. reported the influence of equilibration time in
solution on the inclusion/exclusion topology ratio of host–guest complexes observed in the gas
phase.13 Using para-phenylenediamine and CB[6] as a model system, with ion mobility and
collision-induced dissociation as investigation tools, the inclusion/exclusion topology ratio was
observed to change with the length of the equilibration time in solution before the electrospray
process. Therefore, for inclusion complexes, especially those of CB[n] host molecules, kinetic
considerations must be taken into account in addition to thermodynamics, since the guest ingress
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into the host cavity can be characterized by slow kinetics and can be considered as kinetically
driven during the experiment time span.
3.6 New Applications
Given their unique host-guest binding properties, CBs exhibit significant molecular
recognition ability and therefore have great potential in drug delivery and novel biomedical
assays.14 Following are some recent applications based on gas phase work reported since 2011.
In a study by Heo et al., the gas phase host-guest chemistry between CB [6] and peptides
was investigated using electrospray ionization mass spectrometry (ESI-MS).15 In these
experiments, CB [6] showed a high preference for binding with Lys residue in a peptide to form
a CB [6]-peptide complex. When these were activated by collisions, a common highly selective
fragment product at m/z 549.2 was observed, corresponding to the doubly charged CB [6]
complex of 5-iminopentylammonium (5IPA). To demonstrate the possibility of analyzing protein
structures, CB [6] complexes of ubiquitin were used as a model system. CB [6] complex
fragments under low-energy collision induced dissociation were observed. Due to the large size
of CB [6] and its strong binding energy to the protonated side chain of Lys, CB [6]-Lys
complexes remain bound after CID, therefore further details of the ubiquitin structure could be
probed with further mass spectra in the solution phase. In another study by Lee et al., CB [7] was
used to selectively bind to peptides with N-terminal aromatic residues.16 The formation of CB
[7]-N-terminal phenylalanine (Phe) helped increase peptide abundances both in electrospray
ionization MS and in matrix-assisted laser desorption ionization MS. In addition, CID of the CB
[7] ·peptide complex ions generated more b- and y-type fragment ions compared with
uncomplexed peptides. The signal enhancement mediated by CB [7] was attributed to an increase
in the peptides’ proton affinities upon CB[7] complexation. These two studies demonstrate a
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novel and powerful approach to the enhancement of protein and peptide analysis with the aid of
CB[n]s. The simplicity and potential generality of this technique should provide a valuable
addition to the toolbox of routine protein and peptide analyses by mass spectrometry.
Current methods for the detection and quantification of polyamines usually involve
derivatization, pre-concentration and clean-up. Recently, a simple and fast quantitative analysis
of biogenic polyamines in distilled drinks using direct electrospray ionization tandem mass
spectrometry and CB [7] was reported.17 In the study, biogenic polyamines were digested by acid
and then selectively encapsulated using CB [7] and analyzed using direct infusion electrospray
ionization quadrupole ion trap mass spectrometry in the multiple reaction monitoring mode. Sixpoint calibration curves, ranging from 0.5 μM to 20 μM polyamine in water and ethanol/water
(50:50), were used to establish instrument response. The method was validated by analysis of
fortified Arbutus spirits. Samples of Arbutus and grape pomace spirits were also analyzed.
Linear responses were observed for all polyamines and were similar in water, hydro-alcoholic
solutions and fortified Arbutus spirits. Putrescine, the simple polyamine, was detected only in
grape pomace distillate samples.
CB [7] also found an application in neurodegeneration inhibition.18 In an in vitro study by
Li et al., CB [7] was found to interdict the neurotoxins MPTP (N-methyl-4-phenyl-1,2,3,6tetrahydropyridine) and MPP+ (N-methyl-4-phenylpyridine) involved in Parkinson’s disease. In
their study, MPTP and MPP+ were encapsulated by CB [7] in aqueous solutions with relatively
strong affinities and 1:1 host-guest binding stoichiometry. More importantly, zebrafish models
showed strong in vivo inhibition of the progression of MPTP/MPP+ by the CB [7]
nanocontainer. These results suggest that CBs have potential to act as neuroprotective agents to
counteract the actions of neurotoxins.
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3.7 Summary and outlook
From early experiments that used mass spectrometry to establish the existence and
stoichiometry of cucurbituril complexes, the field of gas phase cucurbituril chemistry has
matured and expanded. Beyond simple confirmation of syntheses, which has long been
commonplace, a number of groups are using sophisticated tandem mass spectrometric methods
to probe the structures, binding propensities, and spectroscopic properties of these fascinating
molecules. Studies range from fundamental physical organic investigations to sensitive structural
probes and highly specific analytical assays. We expect the use of gas phase methods to continue
to expand and diversify.
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Figure 3-1. The BATCl8 guest molecule (without its chloride counterions), Ref. 8.
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Chapter 4

Relative Dissociation Thresholds of Calixarene-Alkali Metal

Complexes from Sustained Off-resonance Irradiation (SORI) Collision-induced
Dissociation Measurements
4.1 Abstract
We investigate the gas phase binding strength and dissociation kinetics of alkali metal ion
complexes of two calixarenes frequently mentioned as Cs+ extractants using variable energy
sustained off-resonance irradiation collision-induced dissociation (SORI-CID) carried out in a
Fourier transform ion cyclotron resonance (FTICR) mass spectrometer. The results demonstrate
that calix [4] arene-bis(tert-octylbenzocrown-6) (“BOB”), a biscrown calix [4] arene, intrinsically
binds metals more strongly than 1,3-alternate-25,27-bis(3,7-dimethyloctyl-1-oxy)calix[4]arenebenzocrown-6 (“MAX”), a monocrown. The greater polarizability of the larger BOB biscrown
calix [4] arene contributes to its intrinsically stronger binding than the monocrown calix with all
tested metal cations (Na+, K+，Rb+, Cs+) in the gas phase. Although the Cs+ complexes with
calixarenes were found to dissociate via loss of the metal ion after collisional activation, the
complexes formed by binding with alkali metal ions lighter than Cs+ did not dissociate by simple
loss of the metal ions. Rather, the ligands dissociated via covalent bond cleavages. This suggests
that the intrinsic metal-ligand binding strengths for cations smaller than Cs+ are greater than the
strengths of the covalent bonds within the ligands and is consistent with the gas phase binding
properties previously observed for crown ethers, cryptands, and cucurbiturils, wherein the bonding
strength scale varies inversely with metal cation size.
4.2 Introduction
Challenges faced by the nuclear industry in radioactive waste management have directed
research towards development of efficient extractants for decreasing the toxicity of the waste as
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well as for allowing recovery of valuable fission products such as isotopes of cesium (135Cs and
137

Cs), 99Tc, 90Sr and rare earth metals.1,2
Since the discovery of selective binding of alkali metals by crown ethers in 1967, these

cyclic molecules have been regarded as a possible solution to the decades-old cesium
decontamination problem. Similar to crown ethers, calixarenes are cyclic oligomers consisting of
multiple phenolic groups cyclized through methylene groups, functionalized either on the narrow
or the wide rim. Calixarenes trap small metal ions using intermolecular non-covalent interactions
that are typically much weaker than covalent interactions. After initial work focusing on cesiumcontaminated water,3, 4 chemists worked to enhance the efficiency of calixarene-based extractants.
One means of doing this is to fuse cyclic polyethers onto the calixarene,5, 6, 7, 8 thus adding the
metal binding capabilities of a crown ether to those of the calixarene. Two such combinations that
are among the most successful at selective binding of Cs+ are 1,3-alternate-25,27-bis(3,7dimethyloctyl-1-oxy) calix [4] arene-benzocrown-6 (“MAX”) and calix [4] arene-bis(tertoctylbenzocrown-6) (“BOB”) calixarenes. Both MAX-calixarene and BOB-calixarene are well
known as excellent extractants developed for the separation of cesium from cesium-contaminated
water.9 BOB-calixarene is a biscrown calix [4] arene, while MAX-calixarene is a mono-crown.
Structures are shown in Figure 4-1.

(b)

(a)

Figure 4-1. Structure of a) MAX-calixC6 b) BOB-calixC6 10
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MAX-calixarene is superior to BOB-calixarene in most applications due to much higher
solubility in water, which results in higher separation efficiency and a faster stripping process.11
Both the calixarenes can bind not only with Cs+, but also with other alkali metal ions. All previous
studies of these ligands have been carried out in condensed media, such that the intrinsic binding
between host and guest is mediated by interactions with neighboring molecules. To the best of our
knowledge, no research has been done on the selective binding of alkali metal ions by the two
calixarenes in the gas phase to elucidate the binding mechanism without the influence of other
media.
The large number of internal degrees of freedom of supramolecular complexes make it
difficult to induce dissociation of these larger species using traditional collisional activation
methods in a Fourier transform ion cyclotron resonance (FTICR) mass spectrometer.12 However,
sustained off-resonance irradiation (SORI) of the gas-phase ions offers a better route for collisioninduced dissociation. In SORI, a radiofrequency excitation pulse is applied slightly off the resonant
cyclotron frequency of the parent ion. The ions alternately absorb energy from and lose energy to
the applied RF field. Parent and production abundances are monitored as the parent ions are driven
through collisions with an inert neutral gas over a range of kinetic energies. The ions undergo a
series of multiple low energy collisions, and the internal energy of the parent ion slowly increases
as a result. If energy can be added to the parent ion collisionally more quickly than it can radiatively
cool, the parent ion will fragment when sufficient energy transfer from translation to internal
energy has occurred. The average total energy added to the ions can be controlled by changing
the number of collisions (by adjusting either the background gas pressure or the length of time the
ions are driven through collisions) or by changing the average collision energy (by adjusting either
the amplitude of the RF excitation or by adjusting its frequency, thereby changing how close the
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frequency of the applied RF is to the resonant frequency of the ions). This low-energy, multiplecollision approach causes SORI to favor the lowest energy dissociation channel of the ion of
interest, and therefore is ideal to investigate the binding behavior of calixarenes.
In this paper, for the first time, we examine the relative binding strengths and dissociation
kinetics of MAX- and BOB-calixarene complexes with alkali metal ions in the gas phase. We
apply SORI in an energy-resolved manner to characterize the dissociation behavior of calixarenemetal ion complexes as a function of energy and to compare the relative intrinsic, gas phase
binding strengths of these complexes.
4.3 Experimental
4.3.1 Materials
BOB-calixarene and MAX-calixarene were provided by IBC Advanced Technologies, Inc.
(American Fork, UT) and used without further purification. Alkali metal salts (CsCl: Mallinckrodt,
Paris, KY; KCl, NaCl: Sigma-Aldrich, Milwaukee, WI; RbCl: Spectrum, Gardena, CA were also
used without further purification. HPLC grade methanol was purchased from Fisher Scientific
(Hampton, NH) and acetonitrile from Sigma-Aldrich (St. Louis, MO). Argon gas was purchased
from Airgas (Radnor, PA) at a nominal purity of 99.995%.
4.3.2 Sample Preparation
Stock solutions of the calixarenes were prepared in 25:75 acetonitrile/water with a
concentration of 1 M and solutions of alkali metal salts were prepared in water with a concentration
of 1 M. Solutions for electrospray were prepared by mixing the stock solutions and diluting with
40:60 methanol:water so that the final concentration of calixarene was 100 μm while the
concentration of alkali metal salt was 200 μm.
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4.3.3 Instrumentation and Procedures
All experiments were done using a Bruker model APEX 47e FT-ICR mass spectrometer
controlled by a MIDAS PREDATOR data system (National High Magnetic Field Laboratory Ion
Cyclotron Resonance Facility, Tallahassee, FL).13 Ions were generated in a microelectrospray
source modified from an Analytica design, with a heated metal capillary drying tube based on the
design of Eyler.14 The source was typically operated at a flow rate of 30 μl/hr. All masses
determined are within 1 ppm of masses calculated for the proposed formulas. SORI-CID
techniques were introduced more in Chapter 2.
4.3.4 Data Analysis
Transient signals were analyzed using the Igor Pro software package (Wavemetrics, Lake
Oswego, OR USA).15 For SORI experiments, the Igor program was used to extract peak
amplitudes for a set of spectra that differ in one or more experimental parameters, followed by
generation of tables of peak intensities as a function of SORI excitation duration. The resulting
parent and product ion peak intensities were normalized against total ion signal, and the relative
SORI collision energy was scaled to account for differences in mass, excitation amplitude
(although most experiments were conducted while maintaining a constant excitation amplitude)
and pressure. Relative SORI energies were calculated by using Equation 1 in the results section.
Energies obtained from these experiments may be compared qualitatively but are not quantitative
due to uncertainties about the absolute kinetic energies of the colliding partners and conversion
efficiency from kinetic to internal energy.
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4.4 Results
4.4.1 Electrospray of calixarenes with alkali metals
Electrospray of MAX- or BOB-calixarenes with alkali metal ions yielded singly charged
complexes. In addition, BOB-calixarene, containing two crown rings, also gave the 1:2 doubly
charged complex by binding with two alkali metal ions.
4.4.2 Dissociation behavior of calixarene-alkali metal complexes
SORI-CID was performed on the 1:1 complexes [BOB+M] + and [MAX+M]+, as well as
the 1:2 complexes formed by [BOB+2M]2+. The dissociations for singly charged complexes of
both MAX and BOB are illustrated in Figures 4-2 and 4-3, respectively. The average energy
deposited in the ion via the SORI event is calculated using:16
𝛽𝛽 3 𝑞𝑞 3

𝑀𝑀

𝑉𝑉 3

𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑁𝑁 ∗ 𝜎𝜎𝐾𝐾𝑣𝑣 𝑓𝑓𝐸𝐸 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 128𝜋𝜋3𝑑𝑑3 (∆𝑓𝑓)3 (𝑀𝑀+𝑚𝑚) 𝑚𝑚𝑝𝑝𝑝𝑝2 , (4-1)
Here, N* is the neutral gas number density, 𝜎𝜎 is collision cross section, 𝐾𝐾𝑣𝑣 is a proportionality
constant, 𝑓𝑓𝐸𝐸 is an assumed constant fraction of the maximum kinetic energy converted to internal

energy in the ion, 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the length of the SORI event, 𝛽𝛽 is the trapping cell geometry factor, q is

the charge on the ion, d is the trapping cell diameter, ∆𝑓𝑓 is the frequency offset of the excitation

pulse from the ion’s resonant frequency, M is the mass of the neutral, m is the mass of the ion, and
𝑉𝑉𝑝𝑝𝑝𝑝 is the peak-to-peak amplitude of the SORI excitation pulse.16
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Cs+
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Figure 4-2. Dissociation spectra of [MAX-Cs] + showing loss of neutral MAX-calixarene

BOBCs+
1282.41

BOB
K+
1187
.7

BOBK+

Ligand fragments

Figure 4-3. Dissociation spectra of [BOB-K] + showing loss of ligand fragments
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SORI excitation results in breaking the [BOB+K] + complex via fragmentation of the
BOB ligand rather than due to simple ligand loss. Doubly charged [BOB+2M]2+ dissociates by
loss of M+. The disappearance curves of the parent ions (singly and doubly charged complexes)
plotted against the relative ESORI energies are shown in Figures 4-4 and 4-5, respectively. Relative
average SORI energies of the two calixarenes binding with different alkali metal ions (Na+, K+,
Rb+, Cs+) in the gas phase were also measured and compared.
Since variable excitation duration was used, all the terms in the above equation are constant
except 𝜎𝜎, m, and 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 . After normalization of the differences, it follows that ESORI is proportional
to the experimental parameters as follows:

𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑉𝑉𝑝𝑝3𝑝𝑝
𝑀𝑀
�
∝ 𝜎𝜎 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 �
𝑀𝑀 + 𝑚𝑚 𝑚𝑚2

We assume the collision cross sections for all the species being compared are similar, so
cross sections do not significantly affect the determination of relative SORI dissociation threshold
energies. The equation above was used without quantitative calibration, so once again, the results
are only qualitative.
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Figure 4-4. SORI parent ion survival curve for metal-calixarene singly charged complexes as a
function of average collision energy

Figure 4-5. SORI parent ion survival curve for metal-calixarene doubly charged complexes as
a function of average collision energy

Relative energies for 50% loss of the parent ion, ESORI,50, were calculated and shown in Figure
4-6 to make a clear comparison of the binding strengths of all the complexes studied.

38

Figure 4-6. Relative SORI energies for 50% disappearance of parent ions
4.5 Discussion
The [BOB+K] + complex dissociates via fragmentation of the ligand because of the
stronger binding between smaller metals and calixarenes as illustrated in Fig 4-3. As is shown in
Figure 4-6, binding strengths decrease with increasing ionic radius of the alkali metal ion. This is
consistent with other gas phase measurements made for crown ethers.17 Smaller metal ions
intrinsically bind calixarenes more strongly than larger ones, as expected for electrostatically
bound systems such as these. The results also indicate that BOB-calixarene binds metals more
strongly than MAX-calixarene. Presumably, this is because it is a larger, biscrown calixarene. It
therefore has greater polarizability than MAX-calixarene and should as a result have larger
intrinsic binding energies for a given cation than MAX-calixarene.
The doubly charged parent ions dissociate by simple loss of one metal ion, yielding
singly charged complex and alkali metal product ions. The doubly charged complexes have
lower dissociation threshold energies because the repulsion between the two metal ions decreases
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their binding strengths; similar behavior has been observed previously for doubly charged alkali
cation complexes of cucurbit[n]urils.
It is important to note that the selective binding of these cations in solution is very
different from that in the gas phase, in which all cations are bound to the ligands and binding
increases with decreasing cation size. In aqueous solution, both BOB and MAX calixarenes are
extremely selective for Cs+ over Na+. In an early study by Varnek et al.,18 they used Molecular
Dynamics and Free Energy Perturbation simulations to compare Na+, K+, Rb+, Cs+ complexes in
four different solvents (water, methanol, acetonitrile, and chloroform) and in the gas phase. Their
results show that Na+ is preferred over Cs+ in chloroform and in the gas phase, whereas in water,
methanol, and acetonitrile Cs+ is complexed better than Na+. This prediction is confirmed by the
relative gas phase binding energies obtained in the present study.
In solutions such as water, methanol and acetonitrile, Cs+ is complexed by calix [4]-biscrown-6 better than Na+, as the free energy of the Na+/Cs+ complex state in these solvents are
significantly lower than those of their corresponding free state. This is confirmed by the
association constants and binding free energies reported in the literature. In a study on 1,3alternate calix [4] arene-crown-6 conformers by Casnati et al.,19 Cs+ has the largest binding
constant (log Ka of 8.8) and the lowest binding free energy (-49.4 kJ/mol), whereas Na+ has the
smallest binding constant (log Ka of 5.2) and highest binding free energy (-29.2 kJ/mol). The
lower the binding free energy, the more favorable the binding and the larger the log Ka should
be. Similar trends are also observed for calix [6] arene bis-crown-4 conformers in a study by
Blanda et al.,20 in which Cs exhibits the largest association constant in both the 1,2,3-alternate
and cone conformations, whereas Na possesses the smallest.
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It is known that solvation has a large influence on complexation and extraction
selectivities.21-24 In solution, complexation selectivity is controlled by the differences in
desolvation energies of the bare metals vs. their complexes. Cs+ interacts with calix [4]-biscrowns less than Na+, but it is also more easily desolvated than Na+ in water, methanol, or
acetonitrile. This is consistent with the computational results of Golebiowski et al.25 They found
that the number of water molecules solvating the cation Na+ is three times higher than for Cs+,
resulting in interaction between Na+ and only a part of the crown ether. In contrast, Cs+ interacts
with all the oxygen atoms in the crown as well as the two aromatic rings of calix [4] arene-biscrown-6 (BC6). In addition, the size of the BC6 cavity is more favorable for Cs+, as it is too
large for Na+.26 In another gas phase study by Bernardino et al.,27 Hartree–Fock, second order
Møller–Plesset perturbation theory and density functional theory results show that Li+ and Na+
cations bind at the calix[4]arene lower rim, while the larger cations (K+, Rb+, and Cs+) are
included deeply into the cavity of the cone conformer driven by interaction between the cation
and the faces of the two phenol rings. Hydrogen bonding also seems to have an impact, as
suggested by Duchemin, C. R.28 in a study of cesium extraction by the BOB ligand using a series
of alcohol modifiers. Their results show the strength of Cs+ binding correlates well with the
hydrogen-bond donor ability of different alcohols, suggesting that solvation of the [BOB+Cs] +
complex (with its associated counterion) may be occurring via hydrogen-bonding interactions
between phenoxide groups acting as acceptors and protic solvents as donors. In addition,
competition between alcohol modifier self-aggregation and association with the calix may also
contribute to the overall extraction equilibrium. Therefore, the difference observed for binding
selectivity in the gas phase and in solution results from a combination of cation- interactions,
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hydrogen bonding in solution, and the size of the cations. The present gas phase study provides
intrinsic binding selectivity in the absence of solvent molecule influences.
Singly charged parent ion complexes with alkali metal ions lighter than Cs did not
dissociate by simple loss of the metal ions. Instead, the ligands dissociated via covalent bond
cleavages. This suggests that the intrinsic gas phase metal-ligand binding strengths are greater
than the strengths of the weakest covalent bonds within the ligands. Figure 4-2 shows the
dissociation spectrum of [MAX+Cs] +, in which the only important dissociation process is loss of
Cs+, whereas Figure 4-3 shows the extensive ligand dissociation that occurs on collisional
activation of [BOB+K] +. Weak covalent bonds, which are easily broken, dissociate to ligand
fragments before the metal loss. Covalent cleavages increase as the alkali metals become
smaller, consistent with the fact that the smaller metal ions are more effective polarizers and are
therefore more strongly bound, as is shown by the SORI threshold results (Figure 4-6).
4.6 Conclusions
The experiments described in this paper were chosen to explore the binding preferences of
two calixarenes that are widely used in metal-contaminated water as extractants. Gas phase studies
avoid solvent effects, provide more accurate information about intermolecular interactions, and
require only miniscule samples and little purification. SORI-CID provides a series of multiple low
energy collisions, which make the internal energy of the parent ion slowly increase. The ion
fragments when sufficient internal energy has accumulated in the ion from multiple collisions with
neutrals. This overcomes the difficulties that exist when large ions are excited by traditional
collision-induced dissociation methods. This study shows that BOB-calixarene binds more
strongly, intrinsically, than MAX-calixarene because of its two-cage structure. This may have
bearing on future design of selective ligands for nuclear waste management.
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Chapter 5

Halide Size-selective Binding by Cucurbit [5]uril—Alkali Cation

Complexes in the Gas Phase: Structure Characterization Using Fourier Transform
Ion Cyclotron Resonance Techniques
5.1 Abstract
The chemistry of cucurbiturils （CB[n]s） is gaining increased interest because of their
potential applications in supramolecular structures, drug encapsulation, protection, and delivery.
It is well known that CB[n]s has a particularly high affinity for cationic compounds. In recent
decades, cation capping and neutral encapsulation have been well studied by many research groups
using different techniques while anion encapsulation on CB[n]-based systems has rarely been
explored. In this study, we report relative dephasing cross sections for non-covalent complexes
formed between CB [5] and different alkyl or alkaline earth metal halides, as well as their relative
binding thresholds, using Fourier transform ion cyclotron resonance (“CRAFTI”) techniques and
sustained off-resonance collision induced dissociation (SORI-CID) techniques. The molecular
conformation of these anion-included complexes obtained from CRAFTI correlated well with the
relative binding strengths measured from SORI-CID. Geometry optimization calculations
performed at ab initio (M06-2X/6-31+G*) levels of theory are also consistent with the
experimental results. All the experiments were done on our FTICR-MS instruments. This study
demonstrates that cucurbit[n]urils can be potential anion receptors and worth further exploration.
These non-covalent binding systems are governed by the size- and shape-selectivity of the host
cavities, as well as the charge density effects of the cation caps. This work also illustrates that
FTICR-MS is a versatile tool to explore supramolecular chemistry. Both molecular structural
information and non-covalent dissociation thresholds can be obtained through its tandem MS/MS
techniques.
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5.2 Introduction
Molecular recognition is gaining increasing interest since it plays important roles in
biological systems, supramolecular systems, pharmaceuticals, and catalysis. The term refers to
specific interactions between molecules through noncovalent interactions. While the recognition
of chemistry taking place in living systems might be the most important, with the most valuable
applications, reactions involving large biomolecules are difficult to control or study in detail.
Investigation of smaller model host-guest systems provides much insight into the principles that
govern recognition. These principles reveal the importance of complementarity in size, shape and
functional groups in recognition chemistry. These basic principles provide a foundation for more
applied work, such as the development of tunable host-guest systems for targeting drugs to
specific receptors, the rational design of ligands to bind metals selectively, or optimizing specific
receptors for chiral complexes.
Anions play fundamental roles throughout both biological and chemical processes. Thus, the
development of anion encapsulation chemistry is an area of current importance.1{Marshall, 1998
#1} Environmentally, the increasing problem of anion pollutants, such as nitrate and phosphate
in river water, leading to eutrophication and consequent disruption of aquatic life, requires highly
sensitive detectors and effective extractors. Development of anion coordination chemistry
enables investigation of fundamental biological processes. Biologically, both DNA and ATP are
anionic and of great concern in biological research. Medically, anions are of great importance in
many disease pathways. Diseases caused by misregulation of anion function mean there is a
medical role for selective anion receptors. Chemically, anions used as nucleophiles, catalysts,
and redox-active agents require suitable receptors that enable stabilization and separation
through co-ordination.2 However, the noncovalent binding of anionic guest species is relatively
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unexplored in comparison to the analogous supramolecular chemistry of cations. In comparison
to well-studied cations, negative charges and diverse geometries of anions make their
coordination chemistry more complicated than that of cations.3 The first reported macrocyclic
receptor for anions was the polyammonium cryptand, which coordinates to halides within a
cavity through a combination of electrostatic interactions and hydrogen bonding, contributed by
Simmons and Park.4 Lehn and coworkers reported a variety of binding selectivities of a number
of polyammonium macrocycles5 and crypates6 for organic-based anion binding. In these studies,
they used the guanidinium motif7 and quaternized nitrogen atoms8 to overcome the small
operational pH range of these macrocyclic receptors. In recent years, organic-based receptors
have been developed on calix[n]pyrroles and their derivatives,9 as well as some imidazole
derivatives that bind only through hydrogen bonds.10
Organic receptors bind anions through hydrogen bonds, electrostatic interactions, and
hydrophobic forces. Inorganic-based anion receptors bind anions by incorporating metal centers.
Their binding is based on the properties of metals. Positively charged metals enhance
electrostatic interactions with negatively charged anion substrates and lead to formation of
bonding interactions. Newcomb and coworkers did the pioneering work. They first attempted to
use Lewis acids based on tin macrocycles.11 Scientists then developed a series of Lewis acidic
hosts based on boron, silicon, germanium and mercury. Since the 1970s, multiple metal ion
coordination of anions, or cascade binding, has been of great interest.12 More recently, a different
approach to anion binding through orbital overlap interactions and electrostatic attractions has
been investigated. This approach has used the cobaltocenium moiety13 or metal-ion-cornered
macrocyclic receptors.14, 15
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There has been a great expansion in the design of anion receptors in the last ten years.
Studies of calixarene-based systems resulted in successful synthesis of metal-based anionic
receptors that involved binding variable metal groups with the rims of calixarenes, which provide
different selectivities for anionic species.16 Cucurbit[n]rils, as a relatively new member within
the macrocyclic family, are rarely explored in anionic receptor studies. However, a few studies17,
18, 19

demonstrate the feasibility and potential applications of using cucurbit[n]uril-based systems

as anion receptors. Theoretically, the cavity size of the cucurbit[n]uril might lead to selectivity
for different anionic species, while the cationic caps might govern the sensitivity toward anion
binding.
In this study, we experimentally explored cucurbit [5]uril capped by various metal ions as a
selective host for halide anions by measuring the collision cross sections (CCS) with the multiCRAFTI technique, measuring the relative binding strength with the sustained off-resonance
irradiation collision-induced dissociation (SORI-CID) technique, and computational binding
energies with the ab initio (M06-2X/6-31+G*) level of theory.
A molecule’s conformation plays an important role in its chemistry. The molecular
interactions are largely determined by molecular structure. Collision cross section (CCS)
measurements can reveal direct information about the size and shape of an ion in the gas phase.
This conformational information can distinguish two different molecules with the same mass to
charge ratio (m/z), recognize different molecular structures of a molecule, and reveal ligand
binding information in supramolecular non-covalent interactions. Gas phase CCS measurements
avoid solvent effects, providing information about intrinsic interactions between hosts and
guests.
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The current standard of gas phase CCS measurements is ion-mobility mass spectrometry
(IM-MS).20 This technique, which has the ability to separate ions with the same m/z rapidly
(msec), is the most commonly used method for CCS measurements. In IM-MS, the ions are
introduced into a drift tube where they collide with neutral gas (helium or nitrogen typically) and
accelerate under the influence of a weak electric field. The ions suffer multiple low energy
collisions with neutral buffer gas. Larger ions undergo more collisions and require a longer time
to cross the drift tube. IM-MS measures the time required for the ions to pass through the drift
tube. Even though IM-MS is the most commonly used method for gas-phase peptide and protein
conformational determination,21-23 this technique requires specialized instrumentation.
Furthermore, the multiple collisions the ions undergo in the drift tube may affect their original
conformations. Another drawback of this technique is that it requires calibrations on temperature
and pressure before every use.
In recent years, our lab has introduced a new technique for gas-phase CCS measurements
using a Fourier transform ion cyclotron resonance mass spectrometer (FTICR-MS) equipped
with a Freiser-type pulsed leak valve.24 We call the technique “cross sectional areas by Fourier
transform ion cyclotron resonance mass spectrometry (CRAFTI).”25 Unlike IM-MS, CRAFTI
doesn’t require a specialized instrument dedicated to ion mobility measurements. In CRAFTI
experiments the pulsed leak valve is used to introduce a neutral collision gas into the trapping
cell. As with any FTICR detection, we excite the ions into a coherent packet and let them collide
with the neutrals. Due to collisions, ions are scattered out of the coherent packet. The number of
ions in the packet decreases and consequently the signal decays and finally disappears. CCS
measurements are achieved by analyzing either the signal decay transient in the time domain or
the linewidth in the frequency domain.
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The single excitation CRAFTI we used in previous work has at least two significant
weaknesses. First, it is difficult to accurately measure the pressure in the trapping cell, which is
critical to accurate cross section measurements. Second, the mass limitations of this technique are
problematic. When the ion is much more massive than the neutral collision gas, single collisions
may not be sufficient to cause dephasing, so it is more difficult to conduct the experiments under
the energetic hard sphere collision conditions required for accurate CCS measurements. To address
these problems, we have developed a new “multi-CRAFTI” technique. In multi-CRAFTI
experiments, two or more ions at different m/z ratios are excited to the same kinetic energy and
then allowed to dephase. The advantage of this technique is that both ions experience identical
pressure conditions, eliminating a major source of error, and preliminary data suggest that relative
cross sections can be accurately measured at lower energies than absolute cross sections.26
5.3 Experimental
5.3.1 Materials
CB [5] was purchased from Sigma Chemical Co. (St. Louis, MO) and dissolved in 50:50
n-propyl alcohol:water without further purification. Stock solutions of all the CB [5] and metal
salts were prepared at about 4 mM concentration. Solutions for electrospray were prepared by
diluting the stock solutions with 50:50 n-propyl alcohol: water so that the final concentration of
CB [5] in the spray solvent was 100μM, while the concentration of various alkali metal halide salts
were 200μM. They formed complexes of the general formula CB[5] (M2X)+, where M = Na+ or
K+ and X = Cl-, Br-, or I-.
5.3.2 Experimental Procedures
The mono-isotopic peak was isolated using stored waveform inverse Fourier transform
(SWIFT) techniques.27 SORI-CID experiments28 were performed by irradiating 1 kHz below the
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resonant frequency of the ion of interest at constant amplitude. Ar was introduced into the
trapping cell as collision gas via the pulsed leak valve. SORI events were described in Chapter 2.
In CRAFTI experiments, SF6 was introduced as collision gas since it yields higher center-ofmass kinetic energy before the ions eject. The ions were generated via electrospray and injected
into the FTICR trapping cell. SF6 was pulsed into the trapping cell, waiting for 3 sec to allow
collisional damping of any residual excitation from the isolation, then exciting the ions via a
single-frequency RF pulse at their resonant cyclotron frequency for a short excitation event
(typically 350 μsec). The cell pressure was controlled by varying the duration of the pulsed leak
pressurization event using a TCL script. The resulting time domain image current signal yields a
frequency domain power spectrum after Fourier transformation with one zero fill and no
apodization; typically, about 5—20 scans were averaged for each spectrum depending on the
intensity of the signal. The ions being compared in multi-CRAFTI experiments were excited to
the same kinetic energies in the center-of-mass reference frame. Multi-CRAFTI experiments
were performed on the target ions with internal standards for each system simultaneously over a
range of kinetic energies obtained by varying the RF irradiation amplitudes.
The collision cross section, σ, is calculated using Equation 1:29

Equation 1 collision cross sections

53

Here

is the slope of the line in the plot of power spectrum fwhm linewidth vs.

neutral number density, nn. β is the cell geometry factor (0.897 for the Bruker Infinity cell used
here)1, All other parameters are the same as defined above.
Relative cross sections of CB [5] (M2X) +and the internal standard CB [5]Na+ measured
simultaneously over a range of kinetic energies were obtained from multi-CRAFTI experiments.
Cross sections increase with increasing center-of-mass kinetic energy until they reach a limiting
value that is generally similar to cross sections computed from the expected molecular structure.
Relative cross sections approach limiting values at lower energies than do absolute cross
sections.
Computational modeling and data analysis were introduced in former chapters.
5.4 Results
5.4.1 Electrospray of CB [5] with alkali metal salts
When solutions containing CB [5] and sodium or potassium halide salts were electrosprayed
(Figure 5-1 and 5-2), high relative abundances were observed for complexes containing either
the Cl- or Br- ion, but no I- complexes were observed. The complexes were comprised of a host
CB [5], two alkali metal ions (either identical or mixed metals), and an anion guest included in
the supramolecular system.
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(a)

(b)

(c)

Figure 5-1. Spectra for mixed CB [5] and NaCl/KCl. The x axis is m/z, and the y axis is relative
signal intensity. (a) shows the complete spectrum of the solution sprayed, (b) is the expansion of
the lower m/z range, (c) is the expansion of the higher m/z range.
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(a)

(b)

(c)

(d)

Figure 5-2. Spectra for mixed CB [5] and NaBr/KBr. The x axis is m/z, and the y axis is relative
signal intensity. (a) shows the complete spectrum obtained when spraying the solution, (b) is the
expansion of the plus 2 charged lower m/z range, (c) is the expansion of the plus 1 charged CB
[5] +M, (d) is the expansion of the plus 1 charged bromide complexes.
Attempts to electrospray iodide salts resulted in intense signal for [CB [5] +M] + without
any detected iodide complexes. When electrospraying solutions containing CB [5] and alkaline
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earth halides, signals of [CB [5] +SrI] +, [CB [5] +BaI] +, and even more interesting [CB [5]
+BaNaI]2+ were observed. Spectra are shown in Figures 5-3 and 5-4.

Figure 5-3 Spectra for mixed CB[5] and BaI2

Figure 5-4. Spectra for mixed CB [5] and SrI2
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5.4.2 SORI-CID
Energy-resolved SORI experiments are designed to show how ions fragment as a function
of the relative kinetic energies, ESORI, involved in collision-induced dissociation. As noted above,
uncertainties in these experiments mean that we cannot measure absolute dissociation threshold
energies, but relative dissociation energies can be determined qualitatively. We measured
relative ESORI for dissociation of chloride and bromide complexes of CB [5], [CB [5] +M2X] +
(M = K or Na; X = Cl or Br)—see Figure 5-5. All the points are averages from at least 3 separate
measurements, and the error bars represent standard deviations. The same is true for the
remaining figures in this study. Dissociation occurred exclusively by loss of MX. The [CB [5]
+KNaBr] + and [CB[5]+ Na2Br]+ complexes exhibit interesting bimodal dissociation behavior, in
which some of the ions fragment at very low relative collision energies but the remainder require
much higher relative energies before dissociation. The high energy dissociation process for [CB
[5] +M2Br] + occurs at energies similar to those required to dissociate [CB [5] +M2Cl] +. The high
energy dissociation pathway was not observed when both capping cations were K+. [CB [5]
+K2Br] + dissociates at much lower energy than the chloride-containing complexes and at similar
energies to those observed for the low energy portion of the dissociation of [CB[5] +KNaBr]+
and [CB[5]+ Na2Br]+.
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Figure 5-5. Parent ion survival curves of [CB[5] +M2X)]+ obtained by SORI-CID techniques
We examined dissociation of the chloride and bromide complex capped by one K+ and one
Na+ more closely. Relative ESORI for dissociation of [CB [5] +NaKCl]+ is plotted in Figure 5-5.
This system exhibits two dissociation channels. The complex dissociates either by loss of KCl or
by loss of NaCl. As Figure 5-6 shows, loss of NaCl is more facile, at high energies about three
times more prevalent than loss of KCl. A similar result was found when dissociating chloride
inclusion complexes capped by one K+ and one Rb+ (Figure 5-7). Again, the system has two
dissociation products, and dissociation by loss of RbCl is slightly favored over loss of KCl.
Two dissociation channels were also found in mixed-metal bromide complexes.
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Figure 5-6. Relative ESORI for dissociation of [Cl@CB[5]KNa]+

Figure 5-7. Relative ESORI for dissociation of [Cl@CB[5] +KRbCl]+
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5.4.3 Multi-CRAFTI
The results of multi-CRAFTI experiments for CB [5]-alkali halide complexes are shown in
Figure 5-8. These measurements were carried out over a range of kinetic energies. Except for the
lowest energy point in Figure 5-8 (where we would expect multi-collision dephasing to
complicate the results), the measured
(CRAFTICCSSF6([CB[5]+M2X]+))/(CRAFTICSSSF6([CB[5]+Na]+)) the measured ratios remain
fairly constant as a function of energy. In Fig. 5-8, all the ratios relative to the cross section of
[CB[5] +Na]+ are 1 or less except in the case of [CB[5]+K2Br]+. In Fig.5-9, all the ratios for the
iodide complexes are greater than 1, and in Fig. 5-9, suggesting the iodide-containing complexes
are much larger than the [CB[5] +Na]+ reference ion without the sodium or the iodide.

Figure 5-8. Collision Cross Section Ratio of [CB[5]_Halides] Capped by Various Alkali Metals
After trying the more highly charged metal caps, we observed CB[5](SrI)+, CB[5](BaI)+, and
even unexpected CB[5](BaNaI)2+, and trace CB[5](SrNaI)2+. Relative collision cross sections
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were measured using the same internal standard CB[5](Na)+ for both CB[5](SrI)+ and
CB[5](BaI)+. The ratio is shown in Figure 5-9. All groups containing iodide are larger than
CB[5] binding a single Na+, suggesting iodide is binding on the exterior of the complex, outside
the cavity, due to the size selectivity of the CB[5] cavity.

Figure 5-9. Collision Cross cross Section Ratio in SF6 for [CB[5]+SrI]+ and [CB[5]+BaI]+ with
relative to that of [CB[5]+Na]+
For [CB[5] +BaNaI]2+, we were unable to simultaneously observe [CB[5]+Na]+ and
[CB[5]+BaNaI]2+, so could not use [CB[5]+Na]+ as an internal standard for this ion. Instead, we
used the easily observed [CB[5] +Ba]2+ ion as the internal cross section standard for
[CB[5]+BaNaI]2+. The result is shown in Figure 11, which suggests that [CB[5] +BaNaI]2+ is
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significantly larger than [CB[5]+Ba]2+.

Figure 5-10. Collision cross section in SF6 for [CB[5] +BaNaI]2+ relative to that of [CB[5]+Ba]2+
5.4.4 Computational Results
Table 5-1 compares the energies of internally- vs. externally-bound anion complexes with
the formula [CB[5] +M2X]+ calculated using ab initio (M06-2X/6-31+G*) theory (using the
LANL2DZ basis set for atoms not described by the 6-31+G* basis). The Table 5-2 compiles
computed energies for the process [CB[5] +M]+ + MX � [CB[5]+M2X]+. In every case, the
internally bound complexes are lower in energy than the corresponding externally-bound
complexes.
The effects of changing the metal cations are relatively small and are more complex. For X
= Cl, sodium gives stronger internal anion binding than potassium, whereas external binding of
Cl is nearly 30 kJ mol-1 stronger for potassium than for sodium. For X = Br, potassium gives
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slightly stronger internal binding than sodium and again external binding of Br is about 30 kJ
mol-1 stronger for potassium than for sodium. The situation is similar for X = I, with potassium
giving stronger internal and external binding than sodium.
Comparing the anions, the computed order of binding for both the internal and external
complexes is Br > I > Cl with sodium, while with potassium the order is I > Br > Cl for internal
complexes and Br > I > Cl for externally bound complexes.

Binding energies

MX
loss

Anion

(kJ/mol)
Ionic
Radiusa
(pm)

a

Na
Internal

Na
External

K
Internal

K
External

Cl

167

-398.9

-111.1

-391.9

-139.3

Br

182

-425.2

-124.0

-432.9

-154.0

I

206

-416.7

-123.3

-435.6

-151.0

Rb
Internal

Rb
External

-414.9

-149.5

Source: Wikipedia

Table 5-1. Energies for [CB[5] +M]+ + MX � [CB[5]+M2X]+ Computed at the M06-2X/6-31+G*
Level of Theory
The energy required for loss of each metal halide was calculated and compared for mixedmetal systems. The results are shown in Table 5-2. For mixed NaK caps, loss of NaCl requires
about 44 kJ mol–1 less energy than loss of KCl. For mixed KRb caps, loss of RbCl requires 22 kJ
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mol–1 less energy than loss of KCl, so the calculations predict that K+ will be retained on the CB[5]
host when either [CB[5]+NaKCl]+ or [CB[5]+KRbCl]+ dissociates.

Energies for MCl loss from
[CB[5]+MM’+Cl]+
(kJ/mol)

MX loss

[CB[5]+NaK+Cl]+

[CB[5]+ KRb+Cl]+

NaCl

373.8

-

KCl

417.6

383.6

RbCl

-

361.8

Table 5-2. Energies for [CB[5] +M1M2+Cl]+ � [CB[5]+M1]+ + M2Cl Computed at the M062X/6-31+G* Level of Theory
5.5 Discussion
5.5.1 Structures of CB [5]-anion complexes
The X-ray crystal structure of CB[5] reveals that the metal cations are coordinated to each
portal of cucurbituril.30-31 Also, Rongbin Huang and coworkers have shown the selective
encapsulation behavior of CB[5]-halide complexes and their preference toward inclusion of
chloride ion using single-crystal X-ray diffraction.18, 32 In the gas phase, we expect structures to
be similar to those characterized in the solid state using X-ray diffraction, with the metal cations
binding to the portals of the cucurbituril and with anions such as Cl- bound inside the CB[5]
cavity. Our results show all observed Cl--containing complexes have collision cross sections that
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are the same size or smaller than that of CB [5]Na+ (Figure 5-8) . This strongly implies Cl- is
bound internally.
We explored whether CB [5] can be used as a host for other halide guests such as Br-.
Figure 5-11 illustrates molecular modeling of CB [5] with Cl- and Br-. Modeling suggests 2
possible binding sites for anions, either inside the CB[5] cavity between the two metal cations or
outside the cavity, coordinated to only one of the anions. The presence of at least two isomers
was also indicated by the SORI-CID dissociation curves. Detailed dissociation information was
described in Figure 5-5.
Computational results show the internally bound isomers are much lower in energy than
the externally bound isomers, even for large anions such as iodide. Therefore, according to the
calculations the internal isomers are strongly favored thermodynamically, and any observed
external isomers would have to be kinetically trapped (dipole-dipole interactions), presumably
because the barrier to entering the cavity is large.
5.5.2 Relative dissociation energies of [CB[5] +Na2Cl]+ and [CB[5]+K2Cl]+
The experimental observation (Figure 5-5) is that the dissociation energies of the chloride
complexes are all similar, in the order [CB[5] +K2Cl]+ > [CB[5]+NaKCl]+ > [CB[5]+Na2Cl]+.
These dissociation energies depend on the energetic barriers to dissociation of the complex,
which involve the binding energies of the anions in the complexes and the activation energies
required to release the anions. Theory also finds binding energies that do not depend strongly on
the identity of the metal ions, but the order is [CB[5] +Na2Cl]+ (399 kJ mol-1) > [CB[5]+K2Cl]+
(392 kJ mol-1). The calculations, on the other hand, involve only the thermodynamic binding
energies and do not consider activation barriers at all, which are probably quite important for
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large anions. Therefore, it is difficult to compare theory with experiment in a quantitative way.
Thus, the difference is approximately at the level of accuracy of the calculations. A simple
explanation is the differences in Coulomb repulsion energies for different cations. Small Na+
ions are closer together and repel each other more than larger K+ ions, so [CB[5]+K2Cl]+ has a
larger barrier to dissociation than [CB[5]+Na2Cl]+. This explanation is consistent with the
experimental results found by Mortensen and Dearden. They have shown that Coulombic
repulsion plays a main role in the strength of binding a second cation to
decamethylcucurbit[5]uril complexes.33
5.5.3 Size-selective anion binding by CB[5] complexes
X-ray data indicate that the portal of CB[5] has a radius of about 120 pm, whereas the
internal cavity is larger, with a radius of about 220 pm.32 Comparison with the sizes of the halide
anions (Table 5-1) suggests that Cl–, Br–, and I– are all small enough to fit within the binding
cavity, but that all are larger than the equilibrium size of the portal. Thus, simply based on size
considerations we might expect internal binding of the anions to be favorable
thermodynamically, but that there could be significant kinetic barriers to passing through the
portal and entering the internal cavity, with barriers increasing with anion size. Thus, we might
expect size-selective anion binding in CB[5] complexes based on differing abilities to pass
through the portal, and in this section we summarize evidence in support of this idea.
All of the chloride-containing complexes dissociate at relatively high energies (Figure 55) and have collision cross sections similar to, or smaller than those of [CB[5] +Na]+ (Figure 58). We believe this is good evidence that chloride binds strongly within the CB[5] cavity, with
only minor differences as the alkali metal cations are varied. This is consistent with the
computational results (Table 5-1), which indicate internal binding of chloride is
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thermodynamically very favorable and that the energetic differences between sodium- and
potassium-capped complexes are small.
Bromide is about 15 pm larger in radius than chloride, and the bromide-containing
complexes exhibit interesting complexity. The bimodal dissociation observed for [CB[5]
+Br+2Na]+ and [CB[5]+Br+NaK]+ (Figure 5-5) suggests that at least two isomers are present for
each of these ions, in contrast with the chlorine- containing complexes, which exhibit only
unimodal dissociation. Molecular modeling has identified two possible isomers for the brominecontaining complexes: a low-energy structure with the bromide inside the CB [5] cavity, between
the two metal ions, and a higher-energy structure with the bromide bound to one of the metal
ions, outside the CB[5] cavity. It is therefore tempting to assign the complexes that dissociate at
low SORI energies to the externally-bound isomer, and those that dissociate at higher energies
(comparable to the energies required for dissociation of the chloride-containing complexes,
Figure 5-5) as complexes with bromide bound inside the CB[5] cavity. If this is the case, the
SORI results indicate that the [CB[5] +Br+2Na]+ observed in our experiments was 60% external
and 40% internal, that [CB[5]+Br+NaK]+ was 90% external and 10% internal, and that
[CB[5]+Br+2K]+ was essentially 100% external. Thus, substitution of Na+ by K+ in these
complexes leads to increased preference for external binding of Br–. This dependence of anion
binding site selectivity on metal ion is interesting and probably deserves further investigation.
The multi-CRAFTI results (Figure 5-8) are consistent with this interpretation. [CB[5]
+Br+2Na]+ has a collision cross section smaller than that of [CB[5]+Na]+ at all collision
energies, consistent with bromide bound inside the CB[5] cavity. It is possible that the 60%
portion of the population in which bromide is bound outside did not contribute to the crosssection measurements because it is so weakly bound (about 124 kJ mol-1 according to the
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calculations, Table 5-1) that the external complexes dissociated prior to the cross-section
determination. Similarly, [CB[5] +Br+NaK]+ also gave cross sections comparable to or smaller
than that of [CB[5]+Na]+ at all collision energies, again consistent with an internally-bound
complex and dissociative loss of the externally-bound isomers prior to the cross section
measurement. [CB[5] +Br+2K]+, on the other hand, is significantly larger than [CB[5]+Na]+ at
all collision energies, consistent with Br- bound externally, and with these complexes, which
have somewhat higher binding energies (154 kJ mol-1 according to the calculations, Table 5-1),
surviving long enough for the cross section measurement.
Iodide is about 24 pm larger in radius than bromide. Interestingly, no iodide-containing
complexes of CB[5] with singly-charged alkali cation caps were observed. Again, this is
consistent with size-selective halide binding by CB[5], as iodide is too large to enter the CB[5]
cavity and evidently too weakly-bound in potential external binding sites to survive introduction
into the instrument via the electrospray process. Thus, the CB[5] portal appears to be exquisitely
sensitive to the size of potential anionic guests.
The observation of externally bound bromide complexes with specific metal caps
encouraged us to try more highly charged metals (+2 alkaline earth cations) to observe Icomplexes. [CB[5] +Ba+I]+ and [CB[5]+Sr+I]+ were observed, while no +3 complexes
comprised of two alkaline earth metals were observed (Figure 5-3,5-4). If the anion were bound
between the two alkaline earth cations, we might expect such complexes to be stabilized, but in
the absence of the anion the repulsion between the two doubly charged metal centers is large and
would make the host-guest system fragile. However, we did observe singly charged complexes
involving iodide. The observation of CB[5](SrI)+, CB[5](BaI)+, and even the unexpected
CB[5](BaNaI)2+ supports the idea that more highly-charged cations are more efficient polarizers
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with greater ability to stabilize the guest-host systems and bind even large anions, albeit on the
exterior of the CB[5] host. The cross sections obtained from multi-CRAFTI for these complexes
(Figures 5-9 and 5-10) further illustrate the size selectivity of CB[5]; all the cross section
measurements indicate iodide binds outside the CB[5] cavity when these more highly-charged
metal ions are present.
Our observations are consistent with previous work done by Rongbin Huang and
coworkers. They synthesized chloride and nitrate anion inclusions complexes of CB[5] and
explored the selectivity and metal ion effects by using X-ray crystallography and fluorescence
spectroscopy.18, 32 They synthesized Cl@CB[5] inclusion complexes capped by various metals
(K+,Ba2+,Cd2+, La2+) and explored binding behaviors. For K+ and Ba2+ cations, the cavity bound
one metal ion on each portal, while the cavity bound only one metal ion on one of the portals
with the other portal open when Cd2+ and La2+ were the metal caps. K+ caps formed a novel onedimensional polycationic chain while the other three cations resulted in isolated complexes.
After observing encapsulation of nitrate and chloride anions using fluorescence spectroscopy,
they explored the selectivity of CB[5] toward these anions. In the absence of any metal ions,
CB[5] favored the more heavily solvated and charge-diffuse nitrate ion, forming a 1:1 complex
in solution while no chloride complexes were observed. When La(III) coordinated to the portal
carbonyl groups of the host, a reversed preference for Cl- was observed. Although inclusion
complexes of NO3- capped by one La(III) host capsule could be crystallized and structurally
characterized, in the presence of competitive Cl-, only the Cl- inclusion complex was isolated in
high yield. This discrepancy in anion-encapsulation behavior between the host and its metalcomplex capsule may be understood in terms of the effective size and charge density of the
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guest, the effect of metal coordination on the binding ability of the host, and the kinetic processes
of the host-guest interaction.
5.5.4 Dissociation behavior of chloride@CB[5] capped by mixed metals
The mixed metal-cap systems dissociate by loss of either of the metal halides (Figures 56 and 5-7). The fact that both products are observed suggests that the energy difference between
the two dissociation channels is not large. [CB[5] +NaKCl]+ dissociates with 75% KCl loss and
25% NaCl loss while [CB[5]+KRbCl]+ dissociates with about 60% RbCl loss and 40% KCl loss.
The experimental results are qualitatively consistent with the energy differences obtained from
the computational studies (Table 5-2); the products of NaCl loss from [CB[5] +NaKCl]+ are
about 44 kJ mol–1 lower in energy than the products of KCl loss. Similarly, for the [CB[5]
+KRbCl]+ complex the products of RbCl loss are about 22 kJ mol–1 lower in energy than the
products of KCl loss. Presumably any reverse activation barriers for the two dissociation
channels in these systems would be similar, as each would involve opening of the CB[5] portal
to accommodate egress of the Cl– anion.
5.6 Conclusions
FTICR-MS studies enable exploration of binding preferences and dissociation behavior of
isolated anion-containing CB[5] complexes in the gas phase, as well as yielding conformational
information, all on a single instrument. The information obtained in this study is important for
further development of supramolecular chemistry, giving insight into the size selectivity of the
host and into subtle capping effects of the cations. Both of these factors appear to play important
roles in supramolecular encapsulation.
Cross section measurements are important since they reveal useful structural information about
supramolecular interactions. The CRAFTI technique performed on an FTICR mass spectrometer
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is complementary to the commonly used ion mobility (IM-MS) technique. Multi-CRAFTI
overcomes some limitations of normal single excitation CRAFTI when the target ions are massive
and hard to dephase during single collisions. The two target ions are excited to the same center of
mass kinetic energy and experience identical pressure conditions which eliminate a major source
of errors. Halide receptor studies based on cucurbit [5] uril were carried out both computationally
and experimentally. After exploration of the size-selectivity of the host cavities, as well as the
charge density effects of the cation caps, we obtained information about the requirements for the
best host systems for different halides. This work demonstrates that cucurbit[n]urils can be
potential anion receptors. The results obtained from multi-CRAFTI are consistent with the
dissociation behavior observed from SORI-CID experiments and with computational calculations,
which increases our confidence in the multi-CRAFTI method.
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Chapter 6

Structures and Characteristics of Alkali Metals Binding with Various
Sizes of Cryptands

6.1 Introduction
Cryptands are commonly used macrobicyclic host molecules formed by incorporating an
additional ring on a crown ether. They are named using the form cryptand [x.y.z] where x, y and
z represent the number of oxygens in each bridging arm of the ligand. Their cage-like structure
favorably encapsulates metals, anions and organic guests.1 The chemistry of cryptands is of great
interest because of potential applications in the fields of supramolecular polymers,2 ion sensing,3
molecular machines4 and drug delivery.5 Cryptands form stable complexes with spherically
symmetric guests like alkali cations because of their unique three dimensional structure. 6 Indeed
the binding selectivity and complex stability of cryptands exceeds that of crown ethers for
selected ions,7 ascribed to the geometry of crown ethers which reduces their ability to bind
effectively in such cases. This relatively enhanced binding ability of cryptands is termed the
macrobicyclic cryptate effect.6
The development of tunable host-guest systems to selectively separate metal ions is an
active research area. For example, separation of radionuclides like 137Cs and 90Sr from nuclear
waste for safe disposal is a frequently mentioned possible application.8 Studies of nitrogencontaining cryptand-based systems are well developed. Their characteristics of binding with
alkali metals have been explored using several methods such as molecular dynamics,9 X-ray
crystallography,10 NMR,11 as well as gas phase studies.12 However, there is still a need to
develop host compounds with superior binding properties and hence newer synthesis of
cryptands is aimed in this direction.
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This study explores novel cryptands – dimethyloxacryptands (dmo cryptands)
dmo[3.2.2], [3.3.3] and [3.3.4] (Figure 6-1) which consist of two substituted methyl bridgehead
carbon atoms connected by three bridges. We investigate the binding preference and
characteristics of these novel cryptands with alkali metals in terms of size selectivity in the gas
phase and compare their performance with that of a well-known nitrogen containing cryptand
[2.2.2]. The relative sizes of these guest-host systems are well characterized using the crosssectional areas by Fourier transform ion cyclotron resonance mass spectrometry (CRAFTI)
technique13 combined with molecular modeling. The relative binding strengths and dissociation
kinetics of the same systems are examined using sustained off-resonance irradiation collisioninduced dissociation (SORI-CID)14.
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Figure 6-1 Host ligands used in the study (a) dimethyloxacryptand [3.3.3] (b)
dimethyloxacryptand [3.3.4] (c) cryptand [2.2.2]
6.2 Experimental
6.2.1 Materials
Dimethyloxacryptands [3.2.2], [3.3.3], [3.3.4] and cryptand [2.2.2] were obtained from IBC
Advanced Technologies, Inc. (American Fork, UT) and dissolved in 50:50 methanol: water
without further purification. Alkali metal salts (CsOH: Mallinckrodt, Paris, KY; KNO3: SigmaAldrich, Milwaukee, WI; RbCl: Spectrum, Gardena, CA) were dissolved in water also without
further purification.
6.2.2 Sample Preparation
All the cryptand stock solutions were prepared by dissolving the samples in methanol:
water (50:50) at a concentration of 4 mM. These stock solutions were diluted with 50:50
methanol: water to a concentration of 100 μM for electrospray. Alkali metal salts were dissolved
in pure water at a concentration of 1 mM and diluted to 300 μM for finally mixing with the
cryptand electrospray solutions.
Instrumentation and data analysis were the same as mentioned in Chapter 3.
6.3 Results
6.3.1 Electrospray of cryptands with alkali metals
Mixed solution of alkali metals and cryptand ligands were electrosprayed and introduced
into the trapping cell. Metal-ligand 1:1 complexes were observed for all cryptands.
6.3.2 Dissociation behavior of cryptand-alkali metal complexes
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SORI–CID experiments were performed on 1:1 complexes, [cryptand+M]+. All the
complexes dissociate by loss of neutral cryptand, while the product peak is the +1 metal cation
(Figure 6-2). The average energy deposited into the parent ions during SORI excitation (ESORI )
was calculated using Equation 6-1:14

Equation 6-1
Here, N* is the neutral gas number density, σ is collision cross section, Kv is a
proportionality constant, fE is an assumed constant fraction of the maximum kinetic energy
converted to internal energy in the ion, tcoll is the length of the SORI event, β is the trapping cell
geometry factor, q is the charge on the ion, d is the trapping cell diameter, ∆f is the frequency
offset of the excitation pulse from the ion’s resonant frequency, M is the mass of the neutral, m
is the mass of the ion, and Vpp is the peak-to-peak amplitude of the SORI excitation pulse.
All the terms in the above equation are constant except σ, m, and tcoll. After normalization of
the differences, it follows that ESORI is proportional to the experimental parameters as Equation
6-2:
𝑀𝑀

𝑉𝑉 3

𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ∝ 𝑁𝑁 ∗ 𝜎𝜎𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑀𝑀+𝑚𝑚) 𝑚𝑚𝑝𝑝𝑝𝑝2 Equation 6-2

We assume the collision cross sections for all the parent ions are similar, and do not
significantly affect the determination of relative SORI dissociation threshold energies. The
equation above was used without quantitative calibration, so once again, the results are only
qualitative.
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dmo[3.3.3] •Cs+

Figure 6-2 Dissociation spectra of dmo [3.3.3] •Cs+ (loss of neutral cryptand)

Figure 6-3 SORI-CID dissociation curve for dmo [3.3.3] •Cs+ complex
An example dissociation curve (of dmo [3.3.3] •Cs+) is shown in Figure 6-3. The relative
signal abundance of the parent ion (dmo [3.3.3] •Cs+) and product ions (Cs+) are plotted against
the relative SORI dissociation energies. The SORI parent ion survival curves for metal-cryptand
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singly charged complexes as a function of average collision energy ESORI are plotted in Figure 64. With increasing alkali metal ionic radius, the dissociation threshold energies decrease. ESORI,50
represents the relative energy for 50% loss of the parent ion. This is plotted for all the metalcryptand complexes as a function of ionic radius in Figure 6-5, which indicates the relative
binding strength for each complex.

Figure 6-4 SORI parent ion survival curve for metal-cryptand complexes as a function of average
collision energy
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Figure 6-5 Variation of dissociation threshold energy as a function of ionic radius
The results clearly indicate that for each cryptand, the dissociation thresholds decrease in
the order K+ > Rb+ > Cs+. [2.2.2] has higher thresholds than the dmo cryptands for K+ and Rb+,
followed by dmo[3.3.4] and dmo[3.3.3]. But interestingly, the threshold for dmo[3.3.4]•Cs+ is
higher than that of dmo[3.3.3]•Cs+, which is higher than that of [2.2.2]•Cs+. This suggests some
gas phase selectivity for metal ion size among the various cryptands.
6.3.3 Collision cross section measurements
Collision cross sections of 1:1 complexes, [cryptand]•M+, were measured using multiCRAFTI techniques with variable kinetic energies. The cross section, σ, is calculated by 15:
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Here

is the slope of the line in the plot of power spectrum fwhm linewidth vs.

neutral number density, nn. β is the cell geometry factor (0.897 for the Bruker Infinity cell 16 used
here) 1, Vpp is the peak-to-peak RF excitation amplitude, texc is the duration of the RF excitation,
d is the trapping cell diameter, m is the mass of the ion, q is the charge on the ion.
The collision cross sections were calibrated against the calculated collision cross section
of [2.2.2] •K+ (i.e., cross sections relative to that of [2.2.2] •K+ were measured, then scaled
against the computed cross section for [2.2.2]•K+ from an IMoS calculation). The calibrated
cross sections of all metal-cryptands are plotted in Figure 6-6. As is shown in Figure 6-6, the
relative collision cross section for [2.2.2] •Cs+ is obviously larger than the other [2.2.2]M+
complexes. For the other three cryptands, their relative collision cross sections gradually increase
as the metal size increases.

Figure 6-6 Experimental Cross Sections of [cryptand]•M+ and [dmo cryptands] •M+
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6.3.4 Comparison of experimental cross sections and computational cross sections
Computational results are shown in Figure 6-7. The relative collision cross sections
obtained by multi-CRAFTI are close to the numbers obtained from calculations after calibration
using an internal standard, increasing our confidence in the multi-CRAFTI method.

Figure 6-7 Computational Collision Cross Sections of
[cryptand]•M+ and [dmo cryptands] •M+
6.4 Discussion
The binding of alkali metal cations to cryptands is consistent with other gas phase
measurements made for crown ethers.17 The binding preference and behavior are determined by
the electrostatic interactions between the cation and donor oxygen or nitrogen atoms in the
cryptand in the gas phase. Of the metal ions examined except Na+, K+ binds the most strongly
with all the cryptands. The higher charge density of K+ makes it an effective polarizer, which has
86

the capability of forming stronger guest-host non-covalent interactions. Cs+ forms the weakest
interactions. Because it is larger and therefore more charge-diffuse, it is a weaker polarizer for
each of the ligands. The relative polarizability of the cryptands also governs the guest-host noncovalent binding interactions and thus the binding energy.18 The polarizabilities increase with the
size and number of substituents.19 This explains why the binding energies for dmo[3.3.4]•M+ are
stronger than those of dmo[3.3.3]•M+ with the same alkali metals. Another factor that will affect
binding behavior is related to the conformation of the metal-cryptand complexes. This will
govern the dissociation energy. Literature evidence shows that cryptand [2.2.2] forms internal
complexes with small alkali cations.11, 12, 20 Thus, it has high capability to bind small cations,
which can be trapped inside the cavity easily. However, the cavity of the cryptand [2.2.2] is too
small for holding a large cation like Cs+. In this case, Cs+ just sits on the outside of the cavity.12
This external binding is weaker than internal binding because the metal ion cannot interact with
all the donor atoms when it binds on the outside. That also explains the reason its dissociation
energy is much lower than those for the larger cryptands.
For the dmo cryptands we explored in the study, the sizes of the cavities are large enough for all
the alkali metals. Thus, they form internal complexes with all the alkali metals (as suggested by
the gradual increase of collision cross sections with metal ion size observed in the multi-CRAFTI
experiments). The dissociation thresholds increase as the ligand sizes increase, because the
polarizability of the ligand increases as the ligand gets larger. On the other hand, the reason that
the size of the complex increases as the sizes of the metals increase is that the internal metals
cause the ligand to collapse around the ions. The charge density of the metal plays a role in this
case. The greater the charge density of the metal cation, the greater its ability to make the cavity
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shrink. Therefore, the smaller, more charge-dense metals produce complexes with smaller
collision cross sections than the larger, more charge-diffuse metals.
6.5 Conclusion
Gas phase studies can overcome the shortcomings of equivalent studies in solution when
studying the dissociation energetics and conformational characteristics of supramolecules. The
most important contribution of gas phase studies is simplification of the environment.
Recognition processes become easier to understand and reconcile with chemical intuition based
on first principles. The results gained from gas phase studies can also readily be compared with
each other for different supramolecular systems. As noted above, binding constants are strongly
dependent on solvent, counterion, method of measurement, etc., so it is extremely difficult to
compare the results of one solution study with those from another due to their complexity. Gasphase studies explore the intrinsic recognition inherent in different host-guest systems and
provide effective comparisons. The effects of structural modification on binding strength and
specificity can be clearly observed through gas phase studies. Getting rid of those environmental
effects, gas phase results would be expected to be very different from those in solution.
However, with the increasing size of the metals, solvent effects decrease. Thus, as the metal size
increases, the difference between gas and solution phase results would be expected to decrease.
This is consistent with the solution study which indicates that cryptands are excellent extractors
for Cs in practical applications like nuclear waste removal.
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Chapter 7

Summary and perspective

Mass spectrometry is known universally as a useful tool to measure molecular mass.
The techniques discussed in this dissertation help us to probe both molecular dissociation
mechanisms and molecular structure and conformation using our Fourier transform ion cyclotron
mass spectrometer (FTICR-MS). It reveals the most fundamental properties of gas phase ionneutral interactions, which give big insights to supramolecular interaction studies.
The mass spectra of novel calixarenes (MAX and BOB) binding with alkali metals
were obtained (Chapter 4). The binding preferences of these calixarenes in the gas phase were
explored by sustained off-resonance irradiation collision induced dissociation (SORI-CID)
techniques. Compared with normal collision induced dissociation techniques (CID), SORI-CID
provides a series of multiple low energy collisions rather than a single collision, which makes the
internal energy of the parent ion slowly increase. The ion fragments when sufficient internal
energy has accumulated in the ion from multiple collisions with neutrals. This overcomes the
difficulties that exist when large ions are excited by CID methods. This study shows that BOBcalixarene binds more strongly, intrinsically, than MAX-calixarene, which can be explained in
that BOB calixarene has greater polarizability than MAX-calixarene due to its larger size and
biscrown structure. Furthermore, these experiments show that the binding strengths decrease
with increasing ionic radius of the alkali metal ion, which is consistent with other gas phase
measurements made for crown ethers.1 The doubly-charged complexes have lower dissociation
threshold energies because the repulsion between the two metal ions decreases their binding
strengths; similar behavior has been observed previously for doubly-charged alkali cation
complexes of cucurbit[n]urils.2 These gas phase measurements are all consistent with the gas
phase binding properties previously observed for crown ethers, cryptands, and cucurbiturils.
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Solution phase studies gave very different results. In aqueous solution, both BOB and Max
calixarenes are extremely selective for Cs+ over Na+, which can be explained by free energy
differences and solvent effects. The present gas phase study provides intrinsic binding selectivity
in the absence of solvent molecule influences. This may have bearing on the future design of
selective ligands for nuclear waste management.
The relative binding thresholds and molecular conformations of novel cryptands with
alkali metals were undertaken using both multi-CRAFTI and SORI-CID in Chapter 6. Host/guest
polarizability and molecular conformation (size selectivity) both govern the binding energies and
dissociation kinetics. Complex formation and stability were found to be strongly size dependent.
This was inferred from the progressive decrease in SORI dissociation thresholds as the guest ion
size decreased from K+ to Cs+. The relative dissociation thresholds obtained from SORI-CID
experiments decrease with increasing ionic radius, which can be explained in that the smaller
metal ions are more effective polarizers, contributing more in guest-host non-covalent binding.
The molecular conformational information obtained from multi-CRAFTI supports the
dissociation behavior in SORI-CID well. The multi-CRAFTI technique is an advanced technique
we developed from traditional single-CRAFTI excitation. It overcomes some limitations when
the target ions are massive and hard to dephase during single collisions. The two target ions are
excited to the same center of mass kinetic energy simultaneously and experience identical
pressure conditions which eliminates a major source of errors. Thus, we don’t have to calibrate
the background pressure every time when we do CRAFTI measurements. External complexes
are the weakest and most easily dissociated. Cryptand [2.2.2] is size selective for smaller guests
while dmo cryptand [3.3.4] is selective for Cs+ which can have potential applications for nuclear
waste removal. For the other internal complexes, they have gradually increasing binding energies
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with increasing ligand size. The charge density of the metal plays a role in this case. As the
charge density of the metal cations increases, the greater is its ability to make the cavity shrink.
Computational results of collision cross sections are very close to the numbers obtained by
multi-CRAFTI after calibration using an internal standard, strongly increasing our confidence in
the Multi-CRAFTI method.
Halide receptor studies based on cucurbit[5]uril were explored both computationally and
experimentally in Chapter 5. We observed very interesting spectra of internal chloride complexes
capped by various alkali metals and both internal and external bromide complexes. Iodide
complexes were not observed when CB[5] was capped by alkali metals, while external
complexes were detected when we changed the caps to more highly-charged alkaline earth
metals. This illustrates the size-selectivity of CB[5]. Iodide is too large and the barrier to push it
into the cavity is too large. Even though the computational results show that internal iodide
complexes are favorable, we still can only observe external complexes. We also observed mixed
metal caps with chloride internal complexes. The dissociation behavior of those complexes is of
great interest. They dissociate by loss of either metal salt. The binding preference obtained from
experiments is consistent with the computed energies. The conformational information obtained
from multi-CRAFTI is consistent with the relative dissociation thresholds obtained from SORICID. External binding is weaker and has lower dissociation thresholds. The external complexes
we observe are not the thermodynamic products, but rather are kinetically trapped products.
Our FTICR-MS gives us a chance to explore both the binding preference and dissociation
kinetics, as well as molecular conformational information, on just one instrument. The
explorations in this dissertation are important for further development of supramolecular
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chemistry. They give insight into the size selectivity of the host and the capping effects of the
cations. Both of these two factors play important roles in supramolecular encapsulation.
I suggest exploration of other metal caps in the future, such as Rb+, which shows very
similar energy required to form external [I@CB[5]+Rb2]+ relative to forming an external
K2Br@CB[5]+. CB[5]( Sr2Br)3+ and CB[5]( Ba2Br)3+ are also worth exploration since we
suppose the higher-charged metals might form internal Br complexes with CB[5]. Their
dissociation behavior is also worth study. The mixed metal cap systems help us to calibrate the
energy deposited into the parent ions during SORI excitation. I suggest exploring more on
systems which include two or more dissociation channels in the future. Such kind of studies can
help calibrate the relative dissociation energy to the absolute dissociation energy. that we should
explore more dual-channel dissociations systems in the future to calibrate the relative
dissociation energy to accurate dissociation energy. It is well-worth to work on.
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